Chilling temperatures (0 to 15°C) are a major constraint for temperate cultivation of tropical-origin crops, including the cereal crop sorghum (Sorghum bicolor [L.] Moench). Northern Chinese sorghums have adapted to early-season chilling, but molecular mechanisms of chilling tolerance are unknown. We used RNA sequencing of seedlings to compare the chilling-responsive transcriptomes of a chilling-tolerant Chinese accession with a chilling-sensitive US reference line, and mass spectrometry to compare chilling-responsive lipidomes of four chilling-tolerant Chinese accessions with two US reference lines. Comparative transcriptomics revealed chilling-induced up-regulation of coldresponse regulator C-repeat binding factor (CBF) transcription factor and genes involved in reactive oxygen detoxification, jasmonic acid (JA) biosynthesis, and lipid remodeling phospholipase Da1 (PLDa1) gene in the chilling-tolerant Chinese line. Lipidomics revealed conserved chilling-induced increases in lipid unsaturation, as well as lipid remodeling of photosynthetic membranes that is specific to chilling-tolerant Chinese accessions. Our results point to CBF-mediated transcriptional regulation, galactolipid and phospholipid remodeling, and JA as potential molecular mechanisms underlying chilling adaptation in Chinese sorghums. These molecular systems underlying chilling response could be targeted in molecular breeding for chilling tolerance.
which are common in the early part of the growing season. Physical symptoms of early-season chilling stress include poor stand establishment, reduced seedling growth, leaf-tip burning, anthocyanin pigmentation, and chlorosis (Lyons, 1973; Greaves, 1996) . At the cellular level, chilling stress causes a membrane transition from the flexible liquid-crystalline phase to gel phase, which leads to increased cell permeability and ultimately cell death (Lyons, 1973) . Chilling damage to photosynthetic thylakoid membranes of the chloroplast reduces photosynthesis and leads to photoinhibition (Taylor and Rowley, 1971 ). Together, the membrane damage and blocked photosynthesis lead to production of reactive oxygen species (ROS; Prasad, 1996; Murata et al., 2007; Knight and Knight, 2012) . To avoid chilling injury and yield losses, there is great interest in crop varieties with improved tolerance to chilling. In tropical-origin crops, landraces or wild relatives from high-latitude or high-altitude regions may harbor chilling tolerance and be used for introgression of chilling tolerance into elite varieties (Greaves, 1996; Goodstal et al., 2005; .
The warm-season cereal crop sorghum originated in tropical Africa 10,000 to 5,000 yr ago and most sorghum genotypes are sensitive to early-season chilling (Franks et al., 2006) . Physiological effects of chilling that have been observed in sorghum include reduced photosynthesis, breakdown of photosynthetic membranes, reduced starch accumulation, accumulation of lipid droplets, and formation of pigmented lesions (Taylor et al., 1972; Taylor and Craig, 1971; Taylor and Rowley, 1971) . Sorghum landraces in northern China have adapted to cold for at least 800 yr (Kimber, 2000; Qingshan and Dahlberg, 2001) and are generally tolerant of early-season chilling (Stickler et al., 1962; Singh, 1985; Franks et al., 2006) . US × Chinese mapping populations have been used to investigate genetics of chilling tolerance Burow et al., 2011) . However, in sorghum, as in most tropical-origin plants, the molecular basis of natural variation in chilling tolerance is not well understood (Collins et al., 2008; Ma et al., 2015; Chopra et al., 2015) .
Molecular systems underlying cold tolerance have been best described in the cold acclimation-freezing tolerance system of Arabidopsis, a chilling-tolerant species of temperate origin (Thomashow, 2010; Knight and Knight, 2012) . While chilling and freezing represent different stresses, Arabidopsis cold tolerance systems can provide a useful starting point to investigate chilling tolerance in tropical-origin plants (Ito et al., 2006; Ma et al., 2015; Zhang et al., 2016) . Chilling-induced transcriptional regulation plays a key role in cold tolerance (Thomashow, 2010; Knight and Knight, 2012) . Activation of CBF transcription factor, a master regulator of cold acclimation, alters the expression of genes in the CBF regulon in Arabidopsis and rice (Thomashow et al., 2001; Ito et al., 2006; Park et al., 2015) . Expression of the CBF pathway is regulated by the phytohormone JA to provide freezing tolerance in Arabidopsis (Hu et al., 2013) . Another important contributor to cold tolerance is lipid remodeling.
Unsaturation of fatty acids maintains membrane integrity under chilling by lowering the melting temperature and increasing membrane fluidity. An increase in polyunsaturated lipids was observed under cold acclimation in Arabidopsis (Williams et al., 1988; Miquel et al., 1993; Welti et al., 2002; Gao et al., 2015) . Other lipid changes in Arabidopsis cold acclimation include remodeling of phospholipids (phosphatidylcholine, PC, Li et al., 2004; and phosphatidic acid, PA, Welti et al., 2002) in the extra-plastidic membranes and galactolipids [monogalactosyldiacylglycerol (MGDG) ] in the plastidic membranes (Welti et al., 2002; Moellering et al., 2010) .
Functional genomic approaches such as transcriptomics and metabolomics have provided mechanistic insights in model plants (Park et al., 2015; Welti et al., 2002; Li et al., 2004; Zhao et al., 2016) and facilitated rapid characterization of molecular systems in nonmodel plants (Meyer et al., 2012; Porth et al., 2013) . Given the evidence from model plants and multiple crops that transcriptional regulation and lipid remodeling are central to plant chilling response, we used transcriptomic and lipidomic approaches to investigate the molecular chilling responses of sorghum seedlings. Transcriptomics has been valuable for characterizing the transcriptional response to cold, and helped define the CBF regulon (Kim et al., 2013) . Similarly, lipidomic approaches using electrospray ionization mass spectrometry (ESI-MS/ MS) can quantify changes in hundreds of lipid species in response to cold (Welti et al., 2002; Li et al., 2004) . While chilling stress events in the field are unpredictable, controlled environment chilling response is highly predictive of field chilling response in sorghum (Yu et al., 2004; Franks et al., 2006) and well-suited for functional genomic analyses (Chopra et al., 2015) . To elucidate the molecular chilling response of sorghum seedlings, we characterized the chilling-responsive transcriptomes and lipidomes of US and Chinese sorghums at the seedling stage under controlled environments. Our findings indicate CBF-mediated transcriptional regulation, lipid remodeling, and JA as potential molecular mechanisms underlying chilling adaptation in Chinese sorghums.
MATERIALS AND METHODS

Plant Material and Treatments
Two sorghum accessions with contrasting responses to chilling were used for transcriptome analysis: chillingsensitive BTx623 (PI 564163; Franks et al., 2006; Kapanigowda et al., 2013) , and chilling-tolerant Niu Sheng Zui (NSZ, PI 568016), which were determined based on seedling chilling tolerance rating under early-planting field conditions (Fig. 1a) . Seeds of NSZ and BTx623 were obtained from Dr. Gloria Burow, USDA ARS. The BTx623 inbred was developed in Texas, while the NSZ landrace originated from northern China (Jie Xiu, Shanxi province; 37°N, 112°W). Seeds of NSZ and BTx623 were grown in MetroMix 500 potting mixture (Sun Gro, Agawam, MA) in cone-tainers (Hummert International, Earth 'BTx623' and 'Niu Sheng Zui' (NSZ) seedling chilling tolerance rating (1-5) under early planting field conditions based on chlorosis and visible leaf damage. Error bars represent the standard error (SE), P-value = 0.025. (b) In controlled conditions, BTx623 (B) exhibited stunted growth, chlorosis, and leaf burning to chilling (10:8°C day:night, light blue color bar on the image), while NSZ (N) is relatively tolerant. BTx623 and NSZ grown at optimal (28:25°C day:night, orange color) temperature were the controls. (c) Transcriptome heat map depicting differentially expressed genes (FPKM values) in NSZ compared with BTx623 under chilling. Each genotype was the average of three replicates per treatment. Red color represents high expression rank while black represents low expression rank. (d) Lipidome heat map demonstrating lipid concentrations (nmol mg -1 dry wt.) of two US accessions BTx623 (B) and RTx430 (R), and four chilling-tolerant Chinese accessions Niu Sheng Zui (N), Kaoliang (K), Shan Qui Red (S), and Hong Ke Zi (H) under optimal and chilling treatments. Each genotype contains five replicates per treatment. Purple color intensity is proportional to ranked abundance within each lipid species across genotypes. Abbreviations: MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol; PC, phosphatidylcholine; LysoPC, lyso-phosphatidylcholine; PE, phosphatidylethanolamine; LysoPE, lyso-phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserines; PA, phosphatidic acid; HC, hexosyl ceramides; TAG, triacylglycerols.
City, MO). Sorghum seedlings were grown at optimal temperature of 28:25°C day:night (D:N) and 12 h light (700-800 µmol m -2 s -1 light intensity): 12 h dark cycles for 2 wk before being subjected to chilling. Six replicates each of NSZ and BTx623, with five plants per replicate, were planted in cone-tainers and maintained at the optimal temperature and light regimen in Conviron (Winnipeg, MB, Canada) growth chambers. Three replicates of 10-dold sorghum seedlings of NSZ and BTx623 were transferred at 8 PM to another growth chamber maintained at chilling temperatures, 10:8°C D:N and 12:12 h light:dark conditions, while the remaining three replicates remained at optimal growth conditions (Supplemental Fig. S1 ). Initiation of the chilling stress treatment coincided with start of the dark cycle. Seedlings grown at optimal temperature were used as controls for transcriptome and lipidome data analysis. For lipidome, four chilling-tolerant Chinese accessions, NSZ, Hong Ke Zi (HKZ), Shan Qui Red (SQR), and Kaoliang (Kao), and two US accessions BTx623 and RTx430 were grown and subjected to optimal and chilling treatments similar to those described above. Similarly, metabolite analysis was performed on BTx623, HKZ, and Kao seedlings under optimal temperature and chilling treatments.
Field Evaluation of BTx623 and NSZ Seedlings Response to Chilling
BTx623 and NSZ accessions were planted at eastern Kansas (Ashland Bottoms, KS, 39°08¢ 22.0² N 96°37¢55.4² W) on 7 Apr. 2016. Five replicates of BTx623 and 18 reps of NSZ were tractor-planted in 3-m rows with 0.76 m spacing between the rows, with 50 seeds in each row. These accessions were completely randomized within a sorghum chilling tolerance screen of ~2000 lines. Because of the absence of rainfall after planting, seed germination was delayed for 2 wk. Ten days after seedling emergence (4 May 2016), temperatures dropped to 50°F during the night (air temperature was measured using Smartfield SmartCrop sensors). Two days after chilling stress, sorghum seedlings were scored for chilling tolerance rating on a 0 to 5 scale, where 5 = no visible symptoms of chilling damage, 4 = partial chlorosis, 3 = severe chlorosis, 2 = leaf-tip burning, 1 = severe leaf-tip burning, and 0 = seedling death.
RNA Sequencing
Leaf tissue from sorghum seedlings subjected to 36-h chilling was collected and snap-frozen in liquid nitrogen. RNA was extracted by a modified Eggermont et al. (1996) phenol:chloroform:isoamyl alcohol protocol. RNA was quantified using ThermoScientific (Waltham, MA) Nanodrop 2000 spectrophotometer. DNase treatment and cleanup was performed using a ZymoResearch (Irvine, CA) RNA Clean and Concentrator-5 purification kit. RNA was quantified again after DNase treatment. RNA quality was tested using Agilent (Santa Clara, CA) 2100 Bioanalyzer at Kansas State University Integrated Genomics Facility (KSU IGF). Complementary DNA (cDNA) was synthesized and the samples were indexed at KSU IGF. Two lanes of an Illumina flow cell were used to sequence the samples using Illumina HiSeq 2500, at the Kansas University Medical Center-Genome Sequencing Facility, producing 100-bp paired-end read sequences.
Transcriptome Statistical Analysis
We obtained about 10´ depth of coverage from Illumina (San Diego, CA) HiSeq 2500 RNA sequencing. The 100-bp paired-end transcripts obtained were aligned to the sorghum reference genome v3 using the Genomic Mapping and Alignment Program (GMAP, Wu and Watanabe, 2005 ) and the number of transcripts aligned to the reference genome were counted using HTSeq-counts (Anders et al., 2015) . Genes differentially expressed between chilling-tolerant NSZ and chilling-sensitive BTx623 were determined using DESeq2 package (Love et al., 2014) . DESeq2 Wald test, with Benjamini-Hochberg multiple test correction (false discovery rate, FDR) was used. Genes with P-values smaller than 5% and absolute value of log 2 fold change > 2 were considered as differentially expressed genes (DEGs). To normalize the transcriptome data within each sample, fragments per kilobase of exon per million reads mapped (FPKM) values were calculated using custom scripts in R. Significant (P < 0.05) differences between transcriptome abundances based on genotype (G), treatment (T), and genotype:treatment (G:T) was determined by performing ANOVA on individual genes using R (R Core Team, 2014). We computed FDR q-value (Noble, 2009 ) from the obtained P-values using the Benjamini-Hochberg multiple testing correction with p.adjust in R. Individual genes were ranked based on the FPKM values within different genotypes and treatments, and heat maps were generated based on the ranking using R heatmap.3. Averaged FPKM values of three replicates for each genotype and treatment were presented as text in the heat maps. For Fig. 2 to 5a, the obtained q-values (q < 0.05) were included as black color sidebar, FDR q-values between 0.05 and 0.1 levels of significance in gray, and nonsignificant interaction in white. MapMan (Usadel et al., 2005) and AgriGO gene ontology toolkit (Du et al., 2010) were used to determine the molecular systems differentially regulated under chilling in Chinese sorghums versus US sorghums.
Lipidomics and Metabolite Quantification
For lipidomic studies, four Chinese landraces and two US accessions were grown and subjected to optimal and chilling treatments as described above. After 12 h of chilling, leaf samples of 2-wk-old sorghum seedlings were collected from five individual plants per genotype from both treatments for lipid analysis. In addition to 12 h chilling lipidome, RTx430 and NSZ lipidome was analyzed at 36 h under chilling. The middle of fully emerged V3 stage leaf portion was sampled and immediately chopped into small pieces into a 50 mL glass tube containing 6 mL of isopropanol with 0.01% butylated hydroxytoluene heated to 75°C. Heating at 75°C was continued for 15 min to deactivate phospholipid-hydrolyzing enzymes. After cooling the samples to room temperature, 3 mL of chloroform and 1.2 mL of water were added to the samples, which were stored at -80°C. Lipids were extracted as previously described (Narayanan et al., 2016) . Lipid profiling was performed at the Kansas Lipidomics Research Center. To determine the lipid content on a dry weight basis, leaf tissue after lipid extraction was dried overnight at 105°C in an oven, cooled, and weighed with a precision balance. Note, individual lipid species were denoted by the lipid class, followed by the total number of acyl carbons and the total number of C-C double bonds in the acyl chains [e.g., PC(36:6) or MGDG(36:5)]. For metabolite analysis, leaf tissue from three individual plants, after 48 h of chilling and optimal temperature treatment, was collected and snap-frozen in liquid nitrogen. Samples were shipped overnight to USDA-ARS facility at Lubbock, TX. Glucose, sucrose, fructose, and dhurrin were extracted using 80% ethanol and measured using high performance liquid chromatography (HPLC) as described (Burke et al., 2013 ).
Lipidomic and Metabolite Statistical Analysis
Lipid analysis involved two treatment factors, optimal and chilling, and two origin levels US (two genotypes) and China (four genotypes) with each genotype containing five replicates. ANOVA mixed-effects model, using R lme4 package (Bates et al., 2014) , was used to calculate significant (P-value < 0.05) differences between lipid abundances based on treatment (T), origin (O), and treatment:origin (T:O). For multiple testing corrections, we computed FDR q-value (Noble, 2009 ) from the obtained P-values using the Benjamini-Hochberg procedure using p.adjust in R (R Core Team, 2014). Heat maps for lipid unsaturation index and lipid abundances were generated using heatmap.3 in R. Averaged lipid abundances of five replicates for each genotype were included as text in the heat map. For metabolite analysis, ANOVA in R was used to determine significantly different metabolite concentrations between US line BTx623, and Chinese accessions HKZ and Kao. -1 fresh wt.) in US line BTx623, and Chinese accessions Kaoliang and Hong Ke Zi, seedlings subjected to chilling and optimal temperatures, orange color represents glucose content at optimal treatment while light blue indicates chilling. (c) Fructose levels (μg mg -1 fresh wt.) measured in BTx623, Kaoliang, and Hong Ke Zi, under optimal and chilling treatments using high performance liquid chromatography. (d) Sucrose content (μg mg -1 fresh wt.) measured under optimal and chilling treatment. (e) Dhurrin content (μg mg -1 fresh wt.) measured using high performance liquid chromatography in sorghum seedlings subjected to chilling and optimal temperature treatments. Error bars represent the standard error (SE), ns = not significant. P-values of genotype (G), treatment (T), and interaction of G:T are included. -1 dry wt.) heat map of lipid classes measured using ESI triple quadrupole mass spectrometry in US and Chinese accessions. Purple color intensity is proportional to ranked abundance within each lipid species across genotypes. Abbreviations: MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol; PC, phosphatidylcholine; LysoPC, lyso-phosphatidylcholine; PE, phosphatidylethanolamine; LysoPE, lyso-phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserines; PA, phosphatidic acid; TAG, triacylglycerols. 
RESULTS
RNA Sequencing Characterizes the Transcriptional Responses to Chilling of NSZ and BTx623 Seedlings
Two-week-old seedlings of chilling-tolerant accession NSZ and chilling-sensitive accession BTx623 were subjected to optimal (28:25°C D:N) or chilling (10:8°C D:N) treatments (Fig. 1b) in growth chambers for 36 h, and seedling transcriptomes were characterized with Illumina sequencing. RNA sequencing yielded ~70 million sequencing reads (~35-million paired-end reads) for BTx623 and NSZ over three biological replicates for each treatment (Supplemental Table S1 ). About 84% RNA sequencing reads were uniquely mapped to the reference genome (SbV3.1) and used for downstream differential gene expression assays (Supplemental Table  S1 , unique mapped reads). Differential gene expression analysis with DESeq2 identified ~400 to ~2000 genes were differentially expressed, with P < 0.05 and absolute value of log 2 fold change > 2, depending on the genotype and treatment comparisons considered (Supplemental Table S2 ). Principal component analysis of FPKM values showed replicates clustering as expected, as well the transcriptomes of both genotypes under chilling clustering compared with the transcriptomes under optimal temperatures (Supplemental Fig. S2 ).
Comparative analysis of DEGs between BTx623_ optimal versus BTx623_chilling (1392 down-regulated and 1972 up-regulated genes; Supplemental S3d ). Significantly enriched gene ontology (GO) terms from the comparison of BTx623_chilling versus NSZ_chilling included toxin metabolic/catabolic processes, JA biosynthesis, glutathione transferase activity, oxidoreductase activity, leaf senescence, plant-type cell wall, and 12-oxophytodienoate reductase activity. In addition, transcriptome analysis revealed chilling-tolerant NSZ contained genes with very high expression under chilling that were not previously characterized to be involved in cold tolerance, such as Sobic.003G117000.1 (similar to Zinc inducible protein), Sobic.001G177800.1 (ribosomal protein, ortholog of Arabidopsis senescence associated gene 24), and Sobic.009G185800 (translation initiation factor SUI1).
We predict these genes with very high expression under chilling could be involved in providing chilling tolerance in sorghum. Below, we describe some of the significantly enriched molecular systems and differentially regulated transcripts in more detail.
Light-Harvesting Photosystems were DownRegulated and Reactive Oxygen Metabolism Genes were Up-Regulated under Chilling
Multiple light harvesting complex (LHC) proteins of Photosystem II (PSII) are embedded in thylakoid membranes and responsible for light harvesting and excitation energy transfer (Rochaix, 2014) . Genes encoding components of PSII (P680) and Photosystem I (PSI/ P700), responsible for light reactions of photosynthesis, were significantly down-regulated during chilling in both NSZ and BTx623 (Fig. 2) . Among the PSII genes, LHC gene expression was lower during chilling in both genotypes. Reduced efficiency of PSII impairs excitation energy transfer, leading to photoinhibition and production of ROS (Rochaix, 2014) . In Arabidopsis, up-regulation of NPQ4 (nonphotochemical quenching) gene prevents damage to the photosynthetic apparatus due to photoinhibition (Li et al., 2000) . The expression of sorghum NPQ4/Pbss4 (Sobic.003G370000), an ortholog of AtNPQ4, increased under chilling in both genotypes (Fig. 2) . In addition to NPQ4, the ROS detoxification is performed by ascorbate-glutathione cycle (Foyer and Noctor, 2011) . Two genes of the ascorbateglutathione cycle, monodehydroascorbate reductase 1 (Sobic.007G171000) and ascorbate biosynthesis gene vitamin C defective 5 (VTC5, Sobic.008G064700), were up-regulated in both genotypes during chilling. Additionally, expression of several glutathione S-transferases (GSTs), ubiquitous enzymes with antioxidant properties, was up-regulated in both the genotypes. Interestingly, expression of a few GST genes (Sobic.003G264600, Sobic.003G264400, Sobic.003G426000, Sobic.001G319600, and Sobic.003G425850) was highly up-regulated in chilling-tolerant NSZ, but not in BTx623 during chilling (Fig. 2) .
Carbohydrate Homeostasis Genes were UpRegulated under Chilling in Both ChillingSensitive BTx623 and Chilling-Tolerant NSZ Several transcripts involved in carbohydrate metabolism were differentially expressed during chilling in both the sorghum accessions. We identified a significant increase in expression of starch-catabolizing β-amylase (Sobic.001G508800, Sobic.001G29380, and Sobic.001G372100) during chilling in both BTx623 and NSZ (Fig. 3a) . Additionally, expression of hexokinase (Sobic.009G06980) and fructokinase (Sobic.003G386000) genes involved in sugar breakdown was up-regulated during cold in both accessions tested (Fig. 3a) . Interestingly, expression of several starch synthase genes was induced under chilling. To test whether increased expression of carbohydrate metabolism genes altered sugar levels during chilling, we analyzed the starch, sucrose, and fructose concentrations of US BTx623 and two chilling-tolerant Chinese accessions, Kao and HKZ, subjected to optimal or chilling temperatures. Glucose and fructose levels were substantially greater (0.5-to 2.5-fold) under chilling in all three accessions ( Fig. 3b and 3c) , while sucrose was slightly lower (nonsignificantly in HKZ; Fig. 3d ). We also quantified the glucose-containing compound dhurrin, a cyanogenic glucoside which accumulates under stress and acts as a defense compound and osmoprotectant (Krothapalli et al., 2013; O'Donnell et al., 2013) . The US line BTx623 contained more than twice the concentration of dhurrin compared with Chinese accessions Kao and HKZ, but chilling did not affect dhurrin concentrations in the tested accessions (Fig. 3e) . In addition, the expression of genes encoding dhurrinases, which release cyanide from dhurrin, was lower in NSZ than in BTx623.
CBF Transcription Factors and Phytohormone Biosynthesis Genes were Highly Up-Regulated due to Chilling in Chilling-Tolerant NSZ
The sorghum genome contains 12 homologs of the Arabidopsis cold response regulator CBF (with similarity > 30%). The two sorghum co-orthologs of AtCBF3 (SbCBF6 tandem duplicates Sobic.002G269300 and Sobic.002G269400) were up-regulated 3.7 and 3.8 log 2 fold, respectively, due to chilling in chilling-tolerant NSZ, while they remain lowly-expressed under chilling in chilling-sensitive BTx623 (Fig. 4a) . Other predicted regulatory and signaling genes that were significantly up-regulated due to chilling in both the genotypes included heat shock factor (HSF) transcription factors (RHSF5, HSFA6B, and HSFA3), auxin response factors, and mitogen activated protein kinases (MAPK; Fig. 4a ). Phytohormones, including JA, abscisic acid (ABA), and ethylene, are key regulators of plant chilling response upstream of CBF and other cold-regulated transcription factors (Shi et al., 2015) . Expression of oxylipin JA biosynthesis gene 12-oxyphytodienoic acid reductase, SbOPR2 (Sobic.010G084600, Sobic.010G084700, and Sobic.010G084300; the co-orthologs of maize OPR8 involved JA biosynthesis) and OPR1 (Sobic.010G084400) were highly expressed in the chilling-tolerant NSZ (Fig.  4b) . In contrast, expression of these genes remained low in chilling-sensitive BTx623. The expression of acylcoenzyme-A oxidase (Sobic.010G001900), the first step of fatty acid β-oxidation to produce JA, was up-regulated in both genotypes (Fig. 4b) . Additionally, chilling induced up-regulation of lipoxygenase (LOX) genes, SbLOX1 (Sobic.003G385500) and SbLOX5 (Sobic.006G248300) in both BTx623 and NSZ (Fig. 4b) . Based on homology to maize, these two sorghum LOX genes most likely belong to the 9-LOX group (maize LOX1 and LOX5 genes), which would suggest a role in synthesis of non-JA oxylipins (Park et al., 2010) . Expression of ABA and ethylene biosynthesis genes was up-regulated while auxin signaling genes were down-regulated in both BTx623 and NSZ accessions during chilling (Fig. 4b) .
Lipid Metabolism Genes were Differentially Regulated due to Chilling
The sorghum transcriptome data showed differential regulation of several genes involved in lipid remodeling (Fig. 5a) . Expression of predicted fatty acid biosynthesis and elongation genes, FAB1/KASII (β-ketoacyl-ACP synthase 2, Sobic.002G374600), LACS4 (long-chain acyl-CoA synthetase4, Sobic.003G242000), FATB (fatty acyl-ACP thioesterase B, Sobic.010G033300) and ACX1 (acylCoA oxidase1, Sobic.010G001900), was up-regulated in BTx623 and NSZ seedlings during chilling. Chloroplast membranes consist of glycolipids, MGDG, digalactosyldiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol, and phospholipid phosphatidylglycerol (PG; Wang and Benning, 2012) . In both BTx623 and NSZ, large differences were observed in expression of glycolipid biosynthesis genes between chilling and optimal temperatures, including for MGD2 (MGDG synthase, Sobic.004G334000), DGD1 (digalactosyldiacylglycerol synthase1, Sobic.005G045000) and SQD2 (sulfoquinovosyldiacylglycerol 2, Sobic.003G076900). Phospholipid metabolism genes, including phosphatidylserine synthase (Sobic.009G225100), phospholipase Dδ, and choline kinase (Sobic.003G277700), were up-regulated in both BTx623 and NSZ during chilling. In contrast, expression of a PLDα1 gene (Sobic.008G183400), one of five sorghum orthologs of PC-catabolizing AtPLDα1 (Welti et al., 2002) , was up-regulated in NSZ due to chilling and lowly expressed in BTx623 regardless of treatment (Fig. 5a ).
Lipidomics Quantifies Chilling-Induced Lipid Abundances in Sorghum Seedlings
To test if the differential expression of lipid metabolism genes was reflected in differential lipid abundances, we compared the lipidome of US and Chinese sorghum accessions after 12 h of chilling or optimal temperatures. Along with BTx623 and NSZ, we used the chilling-sensitive US breeding line RTx430, and three additional chilling-tolerant Chinese accessions (HKZ, SQR, and Kao). Direct infusion ESI triple quadrupole mass spectrometry measured 145 lipid analytes ( Fig. 1d and Supplemental Fig. S4 ) with coefficient of variation (CoV) < 30% among technical replicates. Galactolipids accounted for about 70% (MGDG » 53% and DGDG » 17%) of the total lipids (averaged over genotype and treatment). Phospholipids, the most abundant lipids in plasma membrane and extraplastidic organellar membranes, accounted for ~22% of the sorghum seedling leaf lipidome. Among phospholipids, PG and PC were the most abundant, contributing to about 9.5 and 8% of the overall lipidome, respectively. Other phospholipid classes, including PAs, phosphatidylethanolamines, phosphatidylinositols, and phosphatidylserines, were present in minor amounts ranging from 0.5 to 2.5% of the lipidome. Hexosyl ceramides (a type of sphingolipid) constituted ~4.5% of total lipids. Chilled sorghum seedlings contained less total lipids (7 to 20% less depending on the accession) relative to optimal temperature, in all cases except BTx623 (Fig. 5c ). Below we describe patterns of differential abundances for particular lipid classes and lipid species.
Unsaturation of Phosphatidylcholines but Not Galactolipids was Greater During Chilling
Lipid unsaturation conferred increased cold tolerance in Arabidopsis and rice by lowering membrane liquid crystalline-to-gel transition temperature (Welti et al., 2002; Gao et al., 2015) . In sorghum seedlings, highly unsaturated lipids (with 2-3 double bonds per acyl chain or 4-6 double bonds per diacyl lipid) accounted for 76% of the lipidome on average. Unsaturation index describes the number of double bonds present per acyl chain. A significant increase (P-value < 0.05) in the unsaturation index of total phospholipid PC and LysoPC was observed under chilling in all the US and Chinese accessions tested (Fig.  5b) . In plants, PC is the substrate for desaturation and acyl editing of extra-plastidic membrane lipids, and LysoPC is an intermediate in acyl editing (Li-Beisson et al., 2010) . No significant treatment ´ origin effects were observed in the unsaturation index of galactolipids and other phospholipids under chilling (Fig. 5c , Tables S3  and S4 ). In case of PC, greater concentration of PC (36:6) and PC (36:5) species, that contributed to an increase in unsaturation index of PC, were observed in all sorghum accessions screened (Fig. 5c ).
Chloroplast Galactolipids and Phosphatidylglycerols were Lower under Chilling in Chilling-Tolerant Sorghums
Galactolipids, the most abundant lipids present in the chloroplast membranes, were lower under chilling (from 8 to 25%) in all accessions except BTx623 (Fig. 5c) . After 36 h under chilling, total galactolipids in RTx430 increased by 13% compared with 12 h chilling, while NSZ total galactolipids further decreased by 19% compared with 12 h chilling (Supplemental Fig. S4 ). Total PG, the major phospholipid class of thylakoid membranes (Boudière et al., 2014) , was reduced in chilling-tolerant Chinese accessions and US line RTx430 under chilling (Fig. 5c ). The US accessions had higher PG levels than Chinese accessions under both chilling and optimal temperatures (Fig. 5c ). In particular, levels of PG (34:3) in US accessions were lower under chilling, while levels were much lower in Chinese accessions under chilling compared with optimal conditions (Fig. 5c ).
Phospholipids Lowered under Chilling While Triacylglycerol Storage Lipids Unchanged
Levels of the phospholipid PC, a major phospholipid present in the plasma membrane and other organellar membranes (Boudière et al., 2014) , was lower in chillingtolerant NSZ under chilling compared with optimal temperature. In other Chinese and US accessions, no significant difference was observed. The phospholipid PA was lower under chilling in both US and Chinese accessions. Triacylglycerols (TAGs) are nonpolar lipids synthesized for transient energy storage in lipid droplets (Xu and Shanklin, 2016) . The measured TAG species, TAG (18:2/34:2), TAG (18:2/36:6), and TAG (18:2/36:5), remained essentially unchanged in both US and Chinese accessions. TAGs were higher in chilling-tolerant Chinese accessions during optimal temperatures compared with the US chilling-sensitive accessions grown at similar conditions (Fig. 5c) .
DISCUSSION
Conserved Molecular Systems in the Sorghum Chilling Response
To improve our understanding of chilling tolerance mechanisms in sorghum, we used two functional genomic approaches, transcriptomics and lipidomics. We identified molecular systems that are responsive to chilling in sorghum seedlings and may underlie chilling tolerance in this crop. We observed several chilling responses in sorghum that have been observed in other plants and may represent ancestral plant chilling tolerance mechanisms conserved in dicots and monocots (Nishida and Murata, 1996) . Lipid metabolism genes involved in fatty acid biosynthesis and elongation, galactolipid synthesis, and phospholipid metabolism were up-regulated in BTx623 and NSZ (Fig. 5a) , and in coldacclimated Arabidopsis (Usadel et al., 2008; Maruyama et al., 2009) . Similarly, we observed increased expression of β-amylases (Fig. 3a) , which are responsible for plastidic starch degradation during cold stress (Maruyama et al., 2009; Monroe et al., 2014) . The up-regulated β-amylases may be responsible for the chilling-induced degradation of plastidic starch granules observed in sorghum (Taylor and Craig, 1971) . Greater expression of β-amylases, lower starch content, and higher simple sugar content under chilling, which were observed in all lines tested ( Fig. 3b-d ), are consistent with previous reports in sorghum and Arabidopsis (Taylor et al., 1972; Usadel et al., 2008) . These carbohydrate changes may provide osmotic protection or help meet energy requirements at low temperatures, or they may simply be due to reduced ability to metabolize or translocate carbohydrates (Lyons, 1973; Paul and Foyer, 2001) . Genes predicted to be involved in biosynthesis of phytohormones ABA and ethylene, which regulate cold signaling pathways in Arabidopsis (Usadel et al., 2008; Knight and Knight, 2012; Zhao et al., 2016) , were up-regulated in BTx623 and NSZ.
Remodeling of plastidic glycolipids (PGs and galactolipids) occurring during chilling is important for maintaining membrane fluidity (Wada and Murata, 2007; Degenkolbe et al., 2012; Chen and Thelen, 2013) . Given that chloroplast membrane galactolipids [MGDG(36:6) and MGDG(36:5), and DGDG(36:6) ] were the most abundant lipids in sorghum, the chilling-induced reduction in total lipids (Fig. 5c) likely reflected a decrease in galactolipid levels. In Arabidopsis, MGDG levels increase under chilling and decrease under freezing, when considered as fraction of plant dry weight (Welti et al., 2002) . When considered as a fraction of total lipid, either no change (Welti et al., 2002) or a decrease (Degenkolbe et al., 2012) of MGDG was seen in chilling and a decrease was seen in freezing (Welti et al., 2002; Moellering et al., 2010) . Chilling-induced reduction in galactolipids in sorghum could be due to the action of lipases on MGDG and DGDG, which should release α-linolenic acid (Wasternack and Hause, 2013 ). While we did not quantify α-linolenic acid, increases in linolenic acid levels were observed in chillingtolerant japonica genotypes of rice during chilling (10°C; da Cruz et al., 2010) . Given that JA can be synthesized from galactolipid-derived α-linolenic acid (Wasternack and Hause, 2013) , the observed reduction in galactolipids suggests a role for JA in providing chilling tolerance (Fig.  6) . Along with these responses, unsaturation of PC (36:6), PC (36:5), and Lyso-PC was increased during chilling in all US and Chinese accessions (Fig. 6 , a proposed model for chilling response in sorghum), similar to the response in Arabidopsis during cold acclimation (Welti et al., 2002) . The unsaturation index of galactolipids was unaltered during chilling in US and Chinese accessions compared with the optimal treatment, contrary to findings in tomato (Spicher et al., 2016) , another tropical-origin crop.
Several aspects of the transcriptome and lipidome response to chilling were shared in chilling-sensitive US and chilling-tolerant Chinese accessions, which may represent conserved response mechanisms in sorghum. Chilling-induced down-regulation of PSII LHC genes in BTx623 and NSZ (Fig. 2) could reduce PSII light harvesting, create a blockage of electron transport, and contribute to the chlorotic appearance typical of chilling stress. Inhibition of PSII increases ROS production . Thus, the increased expression of NPQ4 (Fig.  2) , which inactivates ROS to prevent damage to photosynthetic machinery (Li et al., 2000) , may reduce the adverse effects of chilling on PSII. Additionally, ascorbate-glutathione cycle metabolism involved in ROS detoxification was up-regulated during chilling (Fig. 2) and may provide additional protection to cell membranes (Prasad, 1996) . We also observed up-regulation of HSF transcription factors (Fig. 4a ) that provide protection against reactive oxygen generated during various abiotic stressors including cold Huang et al., 2016) . Since all the molecular responses mentioned above were observed in both US and Chinese sorghum, they are unlikely to underlie chilling adaptation in Chinese sorghums. Together, our transcriptome and lipidome data indicate several similarities in sorghum chilling responses and Arabidopsis chilling responses during cold acclimation.
Possible Mechanisms of Chilling Adaptation in Chinese Sorghums
Transcripts and lipids that exhibit a differential chilling response in chilling-sensitive US lines and chilling-tolerant Chinese accessions (i.e., a genotype ´ environment interaction) may contribute to chilling adaptation in Chinese sorghums (Lasky et al., 2014) . In chilling-tolerant NSZ, the expression of SbCBF6 genes (orthologs of Arabidopsis CBF3 (Jia et al., 2016) , was highly increased during chilling (Fig. 4a) , consistent with previous findings in HKZ (Chopra et al., 2015) . In Arabidopsis, regulation of CBF expression is controlled through JA, which acts as an upstream signal to provide freezing tolerance (Hu et al., 2013) . Similarly, increased JA levels during chilling confers chilling tolerance in rice (Du et al., 2013) . In chilling-tolerant NSZ sorghum, increased expression of CBFs and JA biosynthesis genes (OPR, 12-oxyphytodienoic acid reductase and AOS, allene oxide synthase) suggest that chilling-induced JA biosynthesis may contribute to chilling tolerance (Fig. 6) . The greater chilling-induced expression of GSTs in NSZ versus BTx623 suggest increased ROS detoxification may be another chilling tolerance in Chinese sorghums.
Phosphatidylglycerols are a class of thylakoid lipids that remodel in sorghum seedling due to chilling. Higher levels of PGs were observed in US accessions during chilling compared with chilling-tolerant Chinese accessions (Fig. 5c ). Given that high amounts of saturated PGs can decrease membrane fluidity (Sakamoto et al., 2004; Wada and Murata, 2007) , lower PG levels in Chinese accessions (Fig. 5c ) may prevent chilling-induced chloroplast damage and provide chilling tolerance (Fig. 6 ). Combining our transcriptome and lipidome results with literature findings, we propose a model for chilling tolerance in sorghum where chilling-induced lipid remodeling promotes production of JA, which in turn activates the CBF regulon to modulate ROS and carbohydrate metabolism (Fig. 6) .
Similar to plastidic lipids, alterations of extra-plastidic membrane phospholipids are important for survival at low temperatures (Zheng et al., 2016) . In chilling-tolerant NSZ, PC abundance was 20% lower under chilling. In sorghum, six genes are co-orthologs of Arabidopsis PLDα1, which catabolizes PC. In this study, we observed that one of these genes was expressed at much higher levels under chilling in NSZ than in BTx623. Our transcriptome and lipidome findings suggest a role of the PLDα1 in sorghum chilling tolerance (Fig. 6 ). Supporting this model (Fig. 6) , rice OsPLDα1 (Os01g07760), containing ~94% protein similarity with SbPLDα1, expression increased several fold within 5 min of chilling, and this up-regulation provided chilling tolerance (Huo et al., 2016) . OsPLDα1 regulates CBF/DREB1 to confer chilling tolerance through OsMPK6 (Huo et al., 2016) , and, interestingly, expression of SbMAPK6 was found to be up-regulated in sorghum. Findings from rice PLDα1 contrast with those from Arabidopsis in which PLDα1 mutants exhibited high tolerance to freezing compared with the wild-type plants. Observed changes in expression patterns of lipid metabolism genes in sorghum suggest undergoing lipid remodeling in plants to maintain fluidity and integrity of the plasma and other membranes under chilling stress (Fig. 5a, 6 ). In contrast to structural lipids, storage lipid TAGs were higher in chilling-tolerant Chinese accessions at both optimal temperature and chilling treatments. Earlier ultrastructural studies observed a chilling-induced increase in chloroplast lipid droplets (plastoglobules; Taylor and Craig, 1971 ), but we did not observe a chilling-induced increase in linolenic acid (18:2)-containing TAGs. This may be because plastoglobules were a minor contributor to total TAG abundance relative to cytoplasmic lipid droplets (Xu and Shanklin, 2016) , or because the TAGs in plastoglobules were fully unsaturated, tri-18:3 species that were not measured.
Prospects for Molecular Dissection and Improvement of Chilling Tolerance
Further studies with complementary approaches will be needed to identify additional molecular systems underlying chilling tolerance in sorghum. For instance, G protein signaling and Ca 2+ flux alterations, regulated by the COLD1 gene in tropical japonica rice (Ma et al., 2015) , cannot be detected with lipidome and transcriptome analyses. The transcriptome comparison of reference line BTx623 with nonreference NSZ may be impacted by sequence variation in NSZ, such as small indels or single nucleotide polymorphisms. The use of relatively long reads (100-bp paired-end reads) should limit the effect of sequence variation (Cho et al., 2014) and future analyses with a pan-genome could further reduce the effect of sequence variations. Some of the chilling-induced lipid and transcript responses we observed in sorghum could contribute to chilling acclimation. Supporting this interpretation, its previously been observed that chilling-sensitive sorghum subjected to a mild chilling pre-treatment (17°C) are more tolerant to severe chilling (10°C; Taylor and Rowley, 1971) . Further physiological studies will be needed to determine the contributions of basal and acquired tolerance mechanisms in chilling-tolerant and chilling-susceptible sorghums.
Combining transcriptome and lipidome findings with quantitative trait loci (QTL) mapping could also aid in identification of genetic variants conferring chilling tolerance. Existing QTL for sorghum chilling tolerance are coarse (due to small populations and low-density markers; Burow et al., 2011) , so it is not meaningful to test for colocalization with functional genomic candidate genes. However, future QTL studies with larger US × Chinese mapping populations and highdensity markers could provide sufficient resolution to identify genes in chilling-responsive molecular systems that colocalize with chilling tolerance QTL. Forward and reverse genetic approaches could also be applied in sorghum mutant collections (Krothapalli et al., 2013; Jiao et al., 2016) to better understand the link between lipids and seedling chilling tolerance. Small molecules may be used as molecular proxies of stress response, or as biochemical markers of stress tolerance that can be screened in the absence of stress (Burke et al., 2013) , so chilling-responsive lipid species could be evaluated as markers for chilling tolerance in sorghum and other grasses. Identification of chilling tolerance genes could help avoid linkage drag of traits from Chinese sorghums (grain tannins, tall stature, open panicle) that are undesirable for US grain sorghum Burow et al., 2011) . Functional genomics of stress responses in sorghum could contribute to a better understanding of mechanisms underlying crop climate adaptation and genomics-assisted improvement of stress tolerance.
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